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ABSTRACT 
 
 
Precast system is playing a very important role in industrialize building system to 
construct more affordable and quality houses to meet the high demands. Many 
researches have been carried out to develop precast sandwich wall panel with more 
benefits such as lighter in weight, environmental friendly and easy to construct 
compared to normal reinforced concrete panel. Therefore, a study was carried out to 
develop Precast Lightweight Foamed Concrete Sandwich Panel (PLFP) with shear 
truss connectors. The objectives of this study are to numerically investigate the PLFP 
panel with single and double shear truss connectors to determine its structural 
behaviour with validation from experimental work and to develop the empirical 
equation to predict its ultimate strength under axial load. PLFP panel is made of 
foamed concrete as the outer wythes which enclose a core layer of polystyrene. The 
wythes were reinforced with steel bars and tied to each other through the polystyrene 
layer by using steel shear connectors (bent at an angle of 45°). Experimental testing 
had been conducted to determine the material properties of foamed concrete and steel 
bar and used for PLFP model in finite element analysis. Eight half scaled PLFP 
panels were tested experimentally under axial load until it failed. Ultimate load 
carrying capacity, load lateral deflection profile, strain distributions and failure mode 
were recorded. Finite element analysis was carried out on PLFP panels which were 
validated with experimental results. Full scaled PLFP panels with single and double 
shear truss connectors had been studied numerically to investigate the effects of 
geometrical imperfection, slenderness ratio, thickness, and shear connectors toward 
its structural behaviour. From the results, it was found that when the rate of 
geometrical imperfection and slenderness ratio of PLFP panel increased, the ultimate 
load of PLFP panel decreased. The use of double shear truss connectors indicated 
improvement in the PFLP’s strength and stability under axial load and longitudinal 
shear force compared to single shear truss connectors. An empirical equation which 
was modified from previous research is proposed to predict the ultimate load 
carrying capacity of PLFP under axial load.  
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ABSTRAK 
 
 
Sistem pratuang memainkan peranan yang penting dalam sistem bangunan pra 
fabrikasi di kilang untuk membina lebih banyak rumah mampu milik dan berkualiti 
untuk memenuhi permintaan yang tinggi. Banyak kajian telah dijalankan untuk 
membangunkan panel pratuang sandwich dengan lebih banyak faedah seperti lebih 
ringan, mesra alam dan mudah untuk dibina berbanding  panel konkrit bertetulang 
yang biasa. Oleh itu, satu kajian telah dijalankan untuk membangunkan Panel 
Pratuang Sandwich dari konkrit ringan berbusa (PLFP) dengan penyambung ricih 
kekuda. Objektif kajian ini adalah untuk menyiasat panel PLFP dengan penyambung 
ricih kekuda tunggal dan berganda bagi menentukan kelakuan struktur panel  
berdasarkan unsur terhingga dengan pengesahan dari eksperimen dan untuk 
menerbitkan persamaan empirikal bagi meramalkan kekuatan muktamad yang boleh 
ditanggung di bawah beban paksi. Panel PLFP diperbuat daripada konkrit berbusa 
sebagai lapisan dinding luar dan polisterin sebagai lapisan dalam. Lapisan dinding 
luar telah diperkukuhkan dengan bar keluli dan terikat kepada satu sama lain melalui 
lapisan polisterin dengan menggunakan penyambung ricih kekuda keluli 
(dibengkokkan pada sudut 45°). Eksperimen telah dijalankan untuk menentukan ciri-
ciri bahan konkrit berbusa dan keluli bar bagi digunakan untuk memodelkan PLFP 
dalam analisis unsur terhingga. Lapan panel PLFP yang berskala separuh telah diuji 
dibawah beban paksi sehingga ia gagal. Panel PLFP telah dikaji dengan 
menggunakan analisis unsur terhingga untuk menyiasat kesan ketidaksempurnaan 
geometri, nisbah kelangsingan, ketebalan, dan  penyambung ricih ke atas tingkah 
laku strukturnya. Daripada hasil kajian, apabila kadar ketidaksempurnaan geometri 
dan nisbah kelangsingan panel PLFP meningkat, beban muktamad panel PLFP 
menurun. Penggunaan penyambung ricih kekuda berganda menunjukkan 
peningkatan dalam kekuatan dan kestabilan panel PFLP di bawah beban paksi dan 
daya ricih membujur berbanding kekuda penyambung ricih tunggal. Persamaan 
empirikal yang telah diubahsuai daripada persamaan empirikal yang diterbitkan 
dalam kajian terdahuhu  telah dicadangkan untuk meramal beban muktamad PLFP 
bawah pengaruh beban paksi.  
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CHAPTER 1 
 
 
INTRODUCTION 
 
 
1.1 Introduction 
 
As a developing country, housing demand in Malaysia is increasing day by day 
especially in urban areas such as Kuala Lumpur, Penang, Selangor and Johor Bahru. 
According to Sultan Sidi (2011) and MacDonald (2011), the high housing prices has 
become a problem to the majority of local population. It is stated that, the high price 
of the medium cost apartment, condominiums, terraced houses, the semi-detached 
and the bungalow units became unaffordable to many. As such, people tend to 
migrate away from city centres. 
Due to the increase in population and living costs, Malaysia government is 
focusing more on low and medium cost housing projects since the Seventh Malaysia 
Plan (1996-2000). This is to ensure that the middle low income group with salary 
ranging from RM 1,501 to RM 2,500 per month is able to own a house. However, 
provision of low medium cost housing from RM 42,001 to RM 60,000 per unit 
projected under Seventh Malaysia Plan was very disappointing with only 20.7% or 
72,582 completed units from 350,000 units as initially targeted (CIDB, 2007). 
Special attention must be given to low and medium cost housing since the majority 
of the population in Malaysia falls in this category (Shuid, 2004). Hence, 
construction industries must strive to achieve a healthy, efficient, and advance in 
technology in order to meet the upcoming market demand. 
The Construction Industry Master Plan produced by Construction Industry 
Development Board of Malaysia, (CIDB) presented a strategic roadmap for 
Malaysia’s construction industry to develop into a sector not only to meet the 
challenges of international competition, seize the opportunities in the global market, 
but also to make a significant contribution to the nation’s aspirations and the welfare 
of its people (CIDB, 2007). 
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 Under this plan, there are seven strategies to improve the living standard of 
Malaysians and harvest the development of a caring society. The fifth strategic thrust 
was to innovate through research and development (R&D) and adopt new 
construction method. Innovation in construction techniques and technologies is vital 
for developing competitive advantage as it allows improvements in products, 
services, more efficient processes and business procedures. Adoption of new 
construction techniques and technologies in Industrialized Building System (IBS) is 
encouraged. Various efforts have been taken to continue to encourage the 
development of IBS components and its usage in the industry.  
 IBS promotes sustainability from controlled production environment, 
minimization of waste generation, extensive usage of energy efficient building 
material, effective logistics and long term economic stability which contribute to 
better investment in environmental friendly related technologies. The construction 
research Institute of Malaysia (CREAM) and other research institutes in Malaysia 
has established collaboration in R&D initiative on green construction and 
sustainability trough IBS implementation (Kamar et al., 2010). 
Besides these efforts, government has also come up with a solution through 
schemes such as the 1 Malaysia People’s Housing Programme PR1MA. It was 
established in 2011 to plan, develop, construct and maintain affordable housing for 
middle-income household in key urban centres (Haziq, 2013). It can be seen that, 
Malaysia government is aware of the housing issue and keep looking for initiatives in 
order to overcome the problem.  
 In this study, an effort was taken to develop a precast lightweight foamed 
concrete sandwich panel (PLFP) with double shear truss connectors to use as load 
bearing wall component. PLFP is a three layer panel element comprising of two 
layers of lightweight foam concrete as wythes and polystyrene core as insulation 
layer. Its structural behaviour was studied based on experimental testing and finite 
element analysis. An empirical equation was proposed based on the results obtained 
from finite element analysis (FEA). PLFP is a potential product in IBS industry to 
provide benefits to users such as its insulation properties and cost saving nature. 
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1.2   Problem statement 
 
Mass migration of workforce population into the city and industrial centres has 
accelerated the demand of affordable and quality houses. High housing price has 
become a problem for low to medium income group especially in the cities. The 
increasing demand of affordable housing resulted in aggressive research on precast 
panel system which includes solid and sandwich panels. Current research had also 
widen the scope of study on these panels using various materials such as normal and 
lightweight concrete as well as recycled waste material. 
The conventional construction and industrialize building system (IBS) mostly 
use normal reinforced concrete. This panel system is generally strong but has larger 
self-weight, not environmental friendly and longer construction period. As such, 
precast sandwich panel system with more benefits compared to the normal reinforced 
concrete panel has been studied such as profiled steel sheet dry board wall panel by 
Wan Badaruzzaman et al. (2004), precast reinforced concrete panel by Benayoune 
(2003) and ferrocement sandwich panel by Sumadi and Ramli (2008). More research 
is in need to study on sandwich panel in order to invent lighter, environmental 
friendly and easy to construct wall panel. 
Previous research on sandwiched precast wall panel using foamed concrete 
with single shear truss connectors showed that it could sustain the applied load for 
low to medium rise residential building and behaved in a partially composite 
behaviour. However, the study was limited to panel with maximum height of 2.8 
meter and slenderness ratio of 28 (Benayoune, 2003 and Mohamad, 2010). Further 
studies need to be conducted to determine the capacity of this panel system with 
various heights and slenderness ratios. In addition, more research has to be carried 
out to investigate and improve the effectiveness of the shear truss connectors. 
Therefore this research will focus on the study of structural behaviour of precast 
lightweight foamed concrete sandwich panel with double shear truss connectors in 
term of its load bearing capacity, load deflection profiles and strain distribution. Due 
to the limitation of laboratory facilities to test tall panel, computational study using 
FEA software ABAQUS was conducted and validated by experimental results. 
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1.3   Research objectives 
 
i. To numerically investigate the PLFP panel with shear truss connectors using 
FEA.  
ii. To determine the structural behaviour of PLFP in term of ultimate load ( non-
linear), failure mode, vertical and horizontal displacement and strain 
distributions from finite element simulations. 
iii. To validate the results obtained from FEA by means of experimental work. 
iv. To propose an empirical equation of the ultimate load carrying capacity for 
PLFP panel with shear truss connectors subjected to axial load.   
 
1.4 Significant of study 
 
This study is aimed to provide information about the structural behaviour of PLFP 
with shear connectors. It is able to get a clear and deeper insight on the structural 
behaviour and failure mechanisms of the PLFP with single and double shear truss 
connectors under axial and push off loading. The results from this study are very 
important to assist the design of the PLFP to be used as a precast wall system 
especially the ultimate load carrying capacity and failure mechanism. An empirical 
equation is proposed in this study which is able to predict the ultimate load carrying 
capacity of PLFP under axial loading. The equation can be used to predict the 
maximum load of sandwich in non-linear behaviour after the service load. 
 
1.5 Scope and limitation of study 
 
In order to study the structural behaviour of PLFP with shear connectors, scopes of 
study is defined in detail to achieve the objectives of this research. PLFP panels up to 
four meter height with single and double shear truss connectors was used in the study 
by using FEA with validation from experimental data.  
Eight half scaled PLFP were tested under axial loading to obtain the 
experimental results. Material properties of foamed concrete and steel reinforcement 
were determined from laboratory testing and used in FEA for material model. A 
parametric study was carried out to investigate the ultimate load carrying capacity, 
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failure mode, vertical and horizontal deflection profiles, strain distribution and the 
comparison of effectiveness for single and double shear truss connectors. The results 
from the proposed FEA and experiment were analysed and compared.  Ultimate load 
carrying capacity values of PLFP determined from FEA were used to develop an 
empirical equation. A suitable empirical equation is proposed to predict the ultimate 
load carrying capacity of PLFP under axial load.  
The key finding of this study is the structural behaviour of PLFP and its 
developed empirical equation modified from previous equations.  
 
1.6 Thesis layout 
 
This thesis consists of seven (7) chapters. The content of each chapter is described as 
below: 
 
Chapter 1 
 
This chapter presents an introduction and the need of the PLFP panel with 
shear truss connectors as an alternate building system to provide more affordable 
quality housing in order to meet the demand of affordable and quality housing. 
 
Chapter 2 
 
This chapter briefs on the relevant literature review on previous research on 
the structural performance on sandwich system with various type of shear connector 
and related topics. It also covers the discussion on empirical equations which were 
developed from previous researchers and standards to predict the ultimate load 
carrying capacity of panels. 
 
Chapter 3 
 
This chapter describes the methodology of the study which includes 
experimental studies and FEA. Material testing on foamed concrete and steel were 
accomplished to identify the material properties of PLFP for input in the FE model. 
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Upon the completion of FEA and experimental studies, results were used as a basis 
for proposing an empirical equation. 
 
Chapter 4 
 
This chapter contains presentation of results from axial loading test on half 
scaled panel. Observed structural behaviours during the axial loading test were 
ultimate load carrying capacity, horizontal deflection, failure modes and load strain 
curves. Results were used to verify the PLFP model in FEA.  
 
Chapter 5 
 
This chapter represents the FEA of PLFP under perfect and imperfect 
geometry condition. FEA was validated with data of PLFP with single shear truss 
connectors from previous research and experimental study. After the validation, FEA 
was conducted on PLFP with double shear truss connectors to study its structural 
behaviours. 
 
Chapter 6 
 
This chapter presents the proposed empirical equation to predict the ultimate 
load carrying capacity of PLFP. The empirical equation is an improvement from 
previous empirical equation in Eurocode2. 
 
Chapter 7 
 
A summary of the major findings of the study together with some 
recommendations for further research is summarized in this chapter.  
  
CHAPTER 2 
 
 
LITERATURE REVIEW 
 
 
2.1 Introduction 
 
Based on present journals many researchers have shown interest in the development 
of precast composite sandwich panel. Precast sandwich panel presents a series of 
possibilities for the solution of housing problems especially in low and medium cost 
housing sector (PCI committee, 1997; Benayoune et al., 2007; Mohamad et al., 2011 
and Sumadi and Ramli, 2008). 
 
2.2   Material properties 
 
Sandwich panel is made from various materials for its wythe and core layer. These 
include foamed concrete, steel, timber, aluminium and waste material (PCI 
committee, 1997; Benayoune et al., 2007; Mohamad et al., 2011 and Sumadi and 
Ramli, 2008). Material used in sandwich panel plays a very important role in its 
structural behaviour. 
 
2.2.1 Foamed concrete 
 
Foamed concrete is a lightweight material consisting of Portland cement paste or 
cement filler matrix (mortar) with a homogeneous void or pore structure created by 
introducing air in the form of small bubbles. Introduction of pore is achieved through 
preformed foaming agent (foaming agent mixed with a part of mixing water and 
aerated to form foam before being added to the mix) and mix foaming (foaming 
agent mixed with the matrix) ( Kunhanandan and Ramamurthy, 2006). 
 By proper control in the foam dosage, a wide range of densities (400 kg/m
3
 to 
1,600 kg/m
3
) of foamed concrete can be obtained for application in structural, 
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partition, insulation and filling grades (Ramamurthy, Kunhanandan  and Indu, 2009). 
According to BCA (1994), compressive strength of foamed concrete depends on the 
density, initial water to cement ratio and cement content. Density of foamed concrete 
can have an influence on the ultimate strength, particularly for the lower density 
foamed concrete. Uniformly sized small bubbles appear to produce higher ultimate 
strengths at all densities.  Table 2.1 and 2.2 show the typical mixture details for 
foamed concrete and properties of foamed concrete. 
 
Table 2.1: Typical mixture details for foamed concrete (BCA, 1994) 
 
Type Typical foamed concrete 
Wet Density (kg/m
3
) 500 900 1,300 1,700 
Dry Density (kg/m
3
) 360 760 1,180 1550 
Cement (kg/m
3
) 300 320 360 400 
Sand (kg/m
3
) - 420 780 1,130 
Base Mix W/C Ratio Between 0.5 and 0.6 
Air Content (%) 78 62 45 28 
 
Table 2.2: Typical properties of foamed concrete (BCA, 1994) 
 
Dry Density 
(kg/m
3
) 
Compressive 
Strength (MPa) 
Thermal 
Conductivity 
(W/mk) 
Modulus of 
Elasticity 
(Gpa) 
Drying Shrinkage 
(%) 
400 0.5-1.0 0.10 0.8-1.0 0.3-0.35 
600 1.0-1.5 0.11 1.0-1.5 0.22-0.25 
800 1.5-2.0 0.17-0.23 2.0-2.5 0.20-0.22 
1,000 2.5-3.0 0.23-0.30 2.5-3.0 0.18-0.15 
1,200 4.5-5.5 0.38-0.42 3.5-4.0 0.11-0.09 
1,400 6.0-8.0 0.50-0.55 5.0-6.0 0.09-0.07 
1,600 7.5-10.0 0.62-0.66 10.0-12.0 0.07-0.06 
 
Kunhanandan and Ramamurthy (2006) studied properties of foamed concrete 
with different types of filler (sand and fly ash). Filler type influenced the foamed 
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concrete properties. Figure 2.1 shown the effects of coarse sand and fine sand on its 
compressive strength. For foamed concrete with dry density from 800kg/m
3
 to 
1400kg/m
3
, the strength varies from 1 MPa to 10 MPa. The strength over density 
ratio had also been studied (Table 2.3 depicts the result). Their findings had good 
agreement with the foamed concrete strength listed by BCA (1994), and therefore the 
properties listed by BCA (1994) was still relevant to be used as a reference and 
design guide of the compressive strength and density of foamed concrete. 
 
 
Figure 2.1: Strength density variation for mixes with sand of different fineness 
(Kunhanandan and Ramamurthy, 2006) 
 
Table 2.3: Comparison of strength to density ratio (in MPa per kg/m
3
 x 1000) 
(Kunhanandan and Ramamurthy, 2006) 
 
Design 
density, kg/m
3
 
Strength to density ratios for foamed concrete mixes with 
Coarse sand Fine sand Fine sand-fly ash Fly ash 
1,000 0.77 1.73 1.68 2.79 
1,250 3.87 3.63 5.32 7.11 
1,500 5.04 6.94 8.64 12.66 
Dry density, kg/m
3 
2
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2.2.2 Polystyrene foam  
 
Polystyrene foam was used as a building insulation material because of its good 
thermal insulation and hyper elastic properties. Polystyrene foam is often used in 
insulating concrete forms, structural insulated panel building systems and non-weight 
bearing architectural structures. Polystyrene foam commonly used as building 
materials are expanded polystyrene foam (EPS) and extruded polystyrene foam 
(XPS) types. 
 According to Scheirs and Priddy (2003) EPS is used in many building 
projects for thermal insulation, sound proofing in new buildings or renovation work. 
EPS foam slabs are used for the insulation of walls, roofs, floors and ceilings. The 
polystyrene particles sizes range between 0.9 and 1.6 mm are preferably used for this 
application.  
 For the thermal insulation of walls, there is a difference between outside and 
inside wall and core insulation. For the outside wall insulation the EPS foam is put 
directly on the stone bearing structure. A fabric reinforced plastering or a ventilated 
facade protects it from the weather exposure. Using sandwich panels of EPS 
plasterboards, modern heat insulation standards can be achieved on the walls of older 
building. For core insulation, the insulation layer is in- between the bearing wall and 
the external weather resistant wall. Another system of insulation is the use of EPS 
moulded foam parts (insulated concrete forms) for a combination of outer and inner 
wall insulation. A wall is built with these moulded foam parts and filled with 
concrete.  
Frankl et al. (2011) investigated the behaviour of precast, pre-stressed 
concrete sandwich wall panels reinforced with carbon-fibre-reinforced polymer 
(CFRP) shear grid. Six panels were designed and tested to evaluate their flexural 
reaction under combined vertical and lateral loads. The study included panels 
fabricated with two different insulation types: EPS insulation and XPS insulation.  
Based on those findings, all panels sustained loads in excess of their factored 
design loads and exhibited large deformations before failure. CFRP grid can provide 
the required composite action between wythes using either EPS or XPS. For a given 
shear transfer mechanism, a higher percentage composite action can be achieved 
using EPS insulation rather than XPS insulation, Use of XPS insulation requires an 
increase of the shear reinforcement ratio compared to EPS insulation. 
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2.2.2.1 Physical properties of expanded polystyrene 
 
According to Texas Foam Inc (2011), the mechanical properties of expanded 
polystyrene depend largely upon density; in general, strength characteristics increase 
with density as tabulated in Table 2.4. The data only represents the typical value and 
testing data can be different from it with ± 10-15% from listed values.  
It is noted that compressive strengths listed in Table 2.4 are not ultimate 
values at either a yield or failure point because polystyrene is a hyper elastic material 
which yields under compressive loads (as illustrated in the typical stress/strain curves 
of Figure 2.2).Compressive strength values that are listed in Table 2.4 are at 10% 
deformation, a level often considered to be a minimum value for energy absorption 
under impact loadings.  
 
Table 2.4: Typical properties of expanded polystyrene  
(Texas Foam Inc, 2011)  
 
Density 
Kg/m
3 
Stress at 10%  
Compression 
(MPa) 
Flexural Strength  
(MPa) 
Tensile Strength 
(MPa) 
Shear Strength  
(MPa) 
16 0.0896 0.1999 0.2137 0.2137 
24 0.1654 0.2965 0.3516 0.3654 
32 0.2068 0.3999 0.4275 0.4826 
40 0.2896 0.5171 0.5102 0.6343 
48 0.4413 0.6067 0.6067 0.8136 
56 0.4619 0.7239 0.6757 0.9653 
64 0.5516 0.8618 0.7446 1.2066 
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 Figure 2.2: Typical stress/strain curves for expanded polystyrene  
(Texas Foam Inc, 2011)  
 
2.2.3 Shear connectors and reinforcement 
 
PCI committee (1997) had clearly explained the shear connector’s properties and its 
function in precast sandwich wall panels. Shear connectors were used to transfer 
forces between the two wythes. In some cases, shear connector can be used to 
transfer the weight of a non-structural wythe to the structural wythe.   
 Some shear connector is called one way shear connector; those connectors are 
stiff in one direction but flexible in the other. Other shear connectors are stiff in at 
least two perpendicular directions and will consequently transfer both longitudinal 
and transverse horizontal shears as shown in Figures 2.3, 2.4 and 2.5.  
 Capacities of shear connectors may be obtained from the connector 
manufacturer or in some cases, calculated using allowable steel stresses for bending, 
shear and axial forces. In semi composite panels, the assumption is made that the 
insulation provides sufficient shear transfer to create composite action during 
stripping, handling and erection process, but the shear transfer is not there to provide 
composite action for resisting service loads.  
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Figure 2.3: One way shear connectors, stiff in only one direction 
(PCI committee, 1997) 
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Figure 2.4: Two way shear connectors, stiff in at least two perpendicular directions.  
(PCI committee, 1997) 
 
 
Figure 2.5: Non-composite connectors 
(PCI committee, 1997) 
15 
 
2.2.4 Normal concrete capping 
 
Mohamad (2010) applied normal concrete capping at both ends on the PLFP panel 
with single shear connectors to distribute the load evenly. The normal concrete 
capping applied at both ends is to prevent the panel from premature cracking near 
loading and support areas.  The design of capping is shown in Figure 2.6 and 
strengthened with horizontal and vertical steel bars of 9 mm diameter.  
 
 
Figure 2.6: Normal concrete capping 
(Mohamad, Omar and Abdullah, 2011) 
 
2.3 Accuracy of structural models 
 
According to Sabnis et al. (1983) and Harris et al. (1999), adequate definitions of 
reliability and accuracy are difficult to formulate. One obvious measure is the degree 
to which a model can duplicate the response of prototypes. Difference in-between 
two identical reinforced concrete structures show as high as 20% or more. Multiple 
prototypes and multiple models are needed in order to treat the results statically, but 
the expense of even a single test structure is usually high. Factors affecting the model 
accuracy included model material properties, fabrication accuracy, loading 
techniques, measurements methods and interpretation of results, and therefore elastic 
models can be built to five extremely high correlations with detailed computer based 
results. Elastic model of reinforced concrete structure can predict elastic response 
with high accuracy level (error between than 5 to 10%). Carefully designed and 
tested strength models of reinforced structures such as beams, frames, shells and 
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other structures normally have maximum errors on the order of less than 15% for the 
prediction of post cracking displacement and ultimate load carrying capacity of the 
structure.  
 
2.3.1 Scaled model technique 
 
Due to high costs and difficulty to do full scale experimental study for huge and 
complex structural problems, previous researchers studied many structures in smaller 
scale model. Sabnis et al. (1983) wrote a book as guidance for scaled model 
experimental study. Many researchers followed the scaling laws listed in their book 
and it was proven to work for full scale model (Knappett et al., 2011).  
Knappett et al. (2011) studied small scale modelling of reinforced concrete 
structural elements under bending loads at very high scale factors with application of 
scaling laws as shown in Table 2.5. Scaling laws was adopted from Harris and 
Sabnis (1999). Results proved that scaling technique allows for stiffness, strength 
and ductility of structural elements under bending loads to be simultaneously scaled 
and failure modes to be accurately reproduced.  
 
Table 2.5: Scaling laws 
(Knappet et al., 2011)  
 
 
Property 
 
Ratio* ( N = scale factor) 
Stress, σ 
 
1:1 
Strain, ɛ 
 
1:1 
Young’s modulus 
 
1:1 
Length 
 
1:N 
Force 
 
1:N
2 
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 Gran et al. (1996) studied small scale experimental study with  
 
  
 scale and ¼ 
scale sample. They studied the compression bending on the scaled reinforced 
concrete walls as shown in Figure 2.7. Axial compression combined with bending 
was used in the study. The repeatability of the results was excellent and the 
comparison between scales achieved good agreement. It was found that scale model 
is useful for checking analytical models for failure and post failure response. 
 
 
 
Figure 2.7: Steel reinforcement for model wall sections 
(Gran et al., 1996) 
 
 Vaughan et al. (2011) investigated the use of small scale building models to 
study progressive collapse of damaged buildings. A reinforced concrete building      
(3 bay x 4 bay, 4 storey) was designed and constructed at 
 
  
 scale as shown in Figure 
2.8. FEA was conducted to map out a sequence of tests which provided a 
representative range of structural response to several different levels of damage. Pre-
test and post failure predictions were in good agreement with all major aspects of 
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collapse behaviour as seen in Figures 2.9 and 2.10. Tests results provided important 
validation to FEA. Small scale testing was therefore found to be practical and useful 
for studying the collapse phenomena by stages. Even though there are differences 
between full scale and small scale structures due to scaling effects and the practical 
challenges of manufacturing a small scale structure, simulation tools can effectively 
account for these scaling effects within the computational model.  
 
 
Figure 2.8: Completed four storey reinforced concrete 
 
    
 scale building 
(Vaughan et al., 2011) 
 
 
Figure 2.9: Comparison of high speed camera images with equivalent snapshots from 
pretest simulation. 
(Vaughan et al., 2011) 
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Figure 2.10: Post failure photos of test article showing collapsed region compared 
with snapshot from pretest simulation showing collapsing section of model 
(Vaughan et al., 2011)  
 
2.4 Finite element analysis 
 
Referring to Wahyu (2005), FEA is an analytical tool for predicting responses of 
certain engineering systems. The FEA in principle is a numerical approach for 
obtaining solutions. Its appeal lies in its use for predicting the field quantities of 
complicated structural shapes under general loading. It can also be easily used for 
structures with a large number of components. Its accuracy is bounded by all 
assumptions it takes and the inherent numerical error it carries.  
At present, many conventional FEA software packages are available in the 
market such as: DIANA, ABAQUS, ADINA, OpenSees and ATENA. Their 
capabilities range from low to sophisticate with excellent graphic capabilities. In the 
application of finite element software, three terms are often used: pre-processor, 
solution process, and post processor. 
 
Pre-processor: Process of geometric preparation, selection of elements, discretization 
of the domain, selection of materials, application of loadings, and the specification of 
the boundary conditions. 
 
Solution process: Based on the pre-processing, the software will internally set up the 
equilibrium equations which are to be solved through the solution process to produce 
the nodal field values (displacements, temperatures, etc.). 
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Post Processor: Process of representing the required analytical parameters. The user 
can evaluate the stress distribution, structural displacements, pressure distribution, or 
heat flux distribution. Some software programs can even produce a magnificent 
graphic representation in stunning colour. 
 
2.4.1 Comparison of conventional FEA software 
 
There are many conventional FEA software packages available in the market for 
various purpose of analysis. These software are designed for various types of 
analysis such loading study, dynamic study, thermodynamic, aerodynamic, impact 
loading study and also others analysis, and therefore a suitable software with 
adequate ability to analyse PLFP panel structural behaviour should be identified.  
 Johnson (2006) summarized the concrete and reinforcement response of 
various FEA software in Tables 2.6 and 2.7. It can be seen that all software have the 
similarity in term of the response applied but some software did not have the 
capability to study the respond.  As seen from various FEA research studied by 
previous journals, ABAQUS software was one of the popular choice. ABAQUS is 
able to predict the respond of reinforced concrete; results from FEA have good 
agreement with experimental results. ABAQUS has an extensive library of elements 
that can be used to model concrete and steel, including both continuum and structural 
elements. 
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Table 2.6: Comparison of concrete response 
(Johnson, 2006) 
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Table 2.7: Comparison of reinforcement response 
(Johnson, 2006) 
 
 
 
2.4.2 Abaqus/Explicit versus Abaqus/Standard 
 
ABAQUS software consists of two analysis products which are Abaqus/Standard and 
Abaqus/Explicit. Both products are capable of solving a wide variety of problems. 
(Abaqus, 2009). 
Abaqus/Standard is a general-purpose analysis product that can solve 
traditional implicit finite element analysis for a wide range of linear and nonlinear 
problems involving the static, dynamic, thermal, and electrical response of 
components.  
In contrast, Abaqus/Explicit marches a solution forward through time in small 
time increments without solving a coupled system of equations at each increment (or 
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even forming a global stiffness matrix). Abaqus/Explicit is a special-purpose analysis 
product that uses an explicit dynamic finite element formulation. It is suitable for 
modelling brief, transient dynamic events, such as impact and blast problems, and is 
also very efficient for highly nonlinear problems involving changing contact 
conditions, such as forming simulations.  
The characteristics of implicit and explicit procedures determine which 
method is appropriate for a given problem. For those problems that can be solved 
with either method, the efficiency determined which product to use.  The key 
differences for those two products is listed in Table 2.8 and used as guidance in 
choosing the suitable method for analysis. 
 
Table 2.8: Key differences between Abaqus/Standard and Abaqus/Explicit. 
(Abaqus, 2009) 
 
Quantity Abaqus/Standard Abaqus/Explicit 
Element 
library 
Offers an extensive element library. Offers an extensive library of elements well 
suited for explicit analyses. The elements 
available are a subset of those available in 
Abaqus/Standard. 
Analysis 
procedures 
General and linear perturbation 
procedures are available. 
General procedures are available. 
Material 
models 
Offers a wide range of material 
models. 
Similar to those available in 
Abaqus/Standard; a notable difference is 
that failure material models are allowed. 
Contact 
formulation 
Has a robust capability for solving 
contact problems. 
Has a robust contact functionality that 
readily solves even the most complex 
contact simulations. 
Solution 
technique 
Uses a stiffness-based solution 
technique that is unconditionally 
stable. 
Uses an explicit integration solution 
technique that is conditionally stable. 
Disk space 
and memory 
Due to the large numbers of iterations 
possible in an increment, disk space 
and memory usage can be large. 
Disk space and memory usage is typically 
much smaller than that for 
Abaqus/Standard. 
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2.4.2.1 Choosing between implicit and explicit analysis 
 
In order to run analysis for finite element model efficiently, a suitable analysis 
method has to be chosen based on suitability and efficiency level. As briefed in the 
section before, Abaqus/Standard is more efficient for solving smooth nonlinear 
problems; on the other hand, Abaqus/Explicit is the clear choice for a wave 
propagation analysis. However, there are certain static or quasi-static problems that 
can be simulated well with either program.  
Typically, these are problems which usually solved with Abaqus/Standard but 
may have difficulty converging due to contact or material complexities, resulting in a 
large number of iterations. Such analyses are expensive in Abaqus/Standard because 
every single iteration requires a large set of linear equations to be solved. 
On the other hand, Abaqus/Explicit determines the solution without iterating 
by explicitly advancing the kinematic state from the previous increment. Even 
though a given analysis may require a large number of time increments using the 
explicit method, the analysis can be more efficient in Abaqus/Explicit if the same 
analysis in Abaqus/Standard requires much iteration. Another advantage of 
Abaqus/Explicit is that it requires much less disk space and memory than 
Abaqus/Standard for the same simulation. For problems in which the computational 
cost of the two programs may be comparable, the substantial disk space and memory 
savings of Abaqus/Explicit make it attractive (Abaqus, 2009). 
 
2.4.3 Element types 
 
Abaqus software provides wide range of elements for solving different problems. 
The element families available include continuum element, shell elements, beam 
element, truss elements and rigid elements. Each element is characterized by the 
family, degrees of freedom, number of nodes, formulation and integration. Each 
element in Abaqus has a unique name, such as T3D2, S4R, or C3D8R. The element 
name identifies each of the five aspects of an element. Common element families 
used in a stress analysis are shown in Figure 2.11. One of the major distinctions 
between different element families is the geometry type that each family assumes. 
(Abaqus, 2009). 
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